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FOREWORD

This report summarizes sand and rain erosion studies and infrared transmission
and emission measurements for infrared optical windows with state-of-the-art erosion-
resistant coatings. Windows of multispectral zinc sulfide were coated with boron
phosphide, gallium phosphide, or compressively stressed zinc sulfide. For comparison,
hot pressed magnesium fluoride, bulk gallium phosphide, and silicon were also studied.
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EXECUTIVE SUMMARY

Optical properties and rain and sand erosion resistance of the following infrared
window materials were measured: (1) Barr & Stroud boron phosphide (BP) coating on
multispectral zinc sulfide (ms-ZnS), (2) Barr & Stroud gallium phosphide (GaP) coating
(with a thin outer layer of BP) on ms-ZnS, (3) Raytheon zinc sulfide coating on ms-ZnS,
(4) Texas Instruments antireflection-coated gallium phosphide (the coating was not
intended for erosion resistance), and (5) uncoated polycrystalline magnesium fluoride
(MgF,). ZnS-coated ms-Zn$ has low optical emission for operation at 500°C in both the
3.5 and 8-10 micrometer (um) regions. Bulk GaP and bare MgF; have low emission only
in the 3-5 pm region. BP/ms-ZnS and BP/GaP/ms-ZnS have prohibitive optical emission
at 500°C in both the 3-5 and 8-10 um regions. Erosion resistance was characterized in
side-by-side exposure in the whirling arm rainfield and sand erosion test facilities at the Air
Force Wright Laboratory. In a 25.4-millimeter/hour (mm/h) rain field of 2-mm-diameter
drops at 210 meters/second (m/s) and 252 m/s at perpendicular incidence, none of the
coated materials was as durable as bare MgF,. BP/ms-ZnS is more durable than ZnS/ms-
7ZnS, but subsurface damage preceded damage to the BP coating in BP/ms-ZnS.
Antireflection-coated GaP fractured easily on orthogonal crystal planes upon raindrop
impact. In sand erosion experiments with 149- to 177-um-diameter sand particles at an
impact speed of 75 m/s at normal incidence, BP/ms-ZnS was the most durable coating.
The relative loss in transmittance (T/T,) after a loading of 300 milligram/square centimeter
(mg/cm?) was: BP/ms-ZnS, -6%; bare MgF;, -25%; ZnS/ms-ZnS (with DAR-1
antireflection coating), -40%; ZnS/ms-ZnS (with DAR-3 antireflection coating), -56%; bare
silicon, -58%; antireflection-coated GaP, -72%. In erosion experiments with <38-um-
diameter sand particles at 210 m/s, BP/ms-ZnS was most durable and BP/GaP/ms-ZnS
was second best. Other samples behaved in a similar manner to the 75 m/s run.

LIST OF ABBREVIATIONS

AR antireflection coated

BP boron phosphide

DAR Raytheon proprietary "Durable AntiReflection coating," DAR-1 and DAR-3
were evaluated in the present work

DLC diamond-like carbon

GaP gallium phosphide

MgF> magnesium fluoride

ms-ZnS multispectral zinc sulfide

PMMA poly(methylmethacrylate), also called Plexiglas®

REP Raytheon designation for "Rain Erosion Protecticn" coating referring to

compressively stressed zinc sulfide deposited as a window coating
ZnS zinc sulfide
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INTRODUCTION

The purpose of this study was to compare the erosion resistance of protective
coatings on multispectral zinc sulfide. Multispectral zinc sulfide was chosen as the
substrate material because of its ability to transmit in both the midwave (3-5 pm) and long
wave (8-10 pm) infrared regions.

Recently developed durable coatings include boron phosphide (from Barr &
Stroud, Reference 1), gallium phosphide (from Barr and Stroud, Reference 1) and from
Texas Instruments (References 2 and 3), and compressively stressed zinc sulfide (ZnS,
from Raytheon (Reference 4)). Boron phosphide (BP) provides good erosion resistance
(Reference 5), but is visibly black and has an infrared absorption of 0.7% per um of
thickness in the 8-12 pm wavelength region. Boron phosphide also absorbs in the 3-5 pm
region. Gallium phosphide (GaP) is a less durable, but more transparent coating
(References 1 through 3, and 6). The compressive ZnS coating has good erosion
resistance and it retains the same optical properties as bulk ZnS.

The only material combinations in our tests that are potentially capable of 2-color
(midwave and long wave) operation are GaP on multispectral ZnS and compressively
stressed ZnS on multispectral ZnS. However, for comparison, BP coatings on
multispectral ZnS, bulk GaP, hot pressed MgF,, and single crystal Si were also examined.

MATERIALS

Magnesium Fluoride (2.54-mm thick x 25-mm-diameter disk). Light gray,
uncoated, polycrystalline material was used. The origin is uncertain, but it is probably
Kodak IRTRAN 1® from ~1970. For whirling arm rain erosion tests, an identical piece of
MgF, was placed behind the test specimen so the total thickness was 5.1 mm.

Raytheon ZnS-Coated Multispectral ZnS (5.2-mm thick x 25-mm-diameter disk).

The compressive ZnS rain erosion protective coating (designated REP by Raytheon) on the
front (impact) surface was 20-pm thick. Some samples also had a 40-um thick REP
coating on the back surface. The outside front surface had one of two proprietary
antireflection coatings, designated DAR-1 or DAR-3, designed for 8-10 um operation.

Barr & Stroud BP-Coated Cleartran® ZnS (5.0-mm thick x 25-mm-diameter disk).

This material was coated on one side only with ~18 um of BP covered by a thin
antireflection (AR) layer of diamondlike carbon designed for the 8-10 pm region. Cleartran
is the trade name for multispectral ZnS manufactured by Morton International. Cleartran is
referred to as multispectral ZnS in most of this paper.
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Barr & Stroud GaP-Coated Cleartran® ZnS (5.0-mm thick). This material was
coated on one side with 10-11 um of gallium phosphide (GaP). On the outside of the

gallium phosphide was 2.0 pm of boron phosphide overcoated with a diamond-like carbon
antireflection layer optimized for the 8-10 pm region. Samples were received as 25-mm x
25-mm squares that were ground into 25-mm-diameter disks at China Lake. Minor edge

chipping occurred during grinding.

Texas Instruments Antireflection-Coated GaP (5.5-mm thick x 22-mm-diameter
disk). Bulk gallium phosphide grown from a melt was coated on both sides with a thin,
antireflection coating designed for the 3-5 pm region. The coating was not intended to
provide erosion resistance.

Silicon. A single crystal (6.5-mm thick x 25-mm-diameter disk) with no special
orientation was used for sand erosion studies. For infrared transmission, polycrystalline
material (resistivity > 10 Q-cm) with a thickness of 3.0 mm was employed.

OPTICAL CHARACTERISTICS

Infrared transmittance and emittance were measured with a Perkin Elmer 983
spectrophotometer at Rockwell Science Center using graphite as a reference emitter with an
assumed emissivity of 0.97. Samples were held in an evacuated, electrically heated
furnace. For emission measurements, the rear transparent window of the furnace was
covered by a water cooled back flange. At 500°C, the long wave emittance measurements
have an estimated relative accuracy of £5%. At short wavelengths, where the emittance is
~0.01-0.02, the relative accuracy may be £50%. Nominal spectral resolution was 11 cmrl
at 4000 cm-1, 5.6 cm™! at 2000 cm!, and 3.6 cm-! at 1000 cm-L.

Total integrated optical scatter at 3.39-um and 10.59-um wavelengths was
measured with a Coblentz sphere collecting all light between 2.5 and 70° from the incident
laser direction in either the forward or backward hemispheres (Reference 7). Table 1
shows that the infrared optical scatter at 3.39 pm is very low for Raytheon coated ZnS and
low for Barr & Stroud BP-coated ms-ZnS and for Texas Instruments bulk GaP. The
forward scatter of bulk MgF is representative of seeker domes in operational missiles. In
the long-wave region at 10.59 pm, ZnS and GaP have extremely low optical scatter and
MgF» is opaque.
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TABLE 1. Total Integrated Infrared Optical Scatter in Forward Hemisphere.”

3.39 um 10.59 pm
Sample Forward  Backward Forward Backward

Raytheon:

Uncoated ms-ZnS 0.28 0.06 0.10 0.03

DAR-1/REP/ms-ZnS 0.35,0.39 | 0.10, 0.13 | 0.09, 0.11 | 0.05, 0.06
Barr & Stroud:

Uncoated ms-ZnS 0.40 0.05 0.21 0.05

BP/ms-ZnS 1.00, 0.60 | 0.54, 0.33 | 0.14, 0.12 | 0.07, 0.03
Texas Instruments GaP 0.93, 1.43 | 0.03, 0.04 | 0.14, 0.22 | 0.06, 0.15
Mgk, 14, 1.8 0.38, 0.35

* Pairs of numbers give scatter for two different samples. Measurements were made with a Coblentz

sphere collecting all light between 2.5 and 70° from the incident laser direction (Reference 7).

measurement is an average of several points in the specimen.

Infrared transmittance and emittance up to 500°C for each material studied are

shown in Figures 1-8.

Figure 9 is an enlargement of the midwave region of the

transmission spectrum of MgF,. Figure 10 compares the transmittance of the materials at
20 and 500°C. Figure 11 compares emission spectra at 500°C. Observations on optical
performance are summarized as follows:

Each

 Magnesium Fluoride. Transmission in the 3-5 pm region is excellent (Figure 1) but
decreases toward short wavelength as optical scatter increases. Emittance is low
(S 2%) between 4 and 5 um, but rises to ~6% at 3 pm. Part of this rise might be an
artifact from optical scatter. However, part probably arises from a broad OH
impurity absorption band centered near 3450 cm™! (Figure 9). There is a strong,
sharp OH impurity band near 3615 cm!.

* Uncoated Multispectral ZnS. Transmission is excellent in both the 3-5 and 8-10 um
regions at 20°C (Figures 2 and 4). Emittance at 500°C is very low (~2%) from 3 to
9 um, but increases to ~10% at 10 tm.

* ZnS-Coated Multispectral ZnS. This has higher emittance in the 8-10 um region than
does uncoated multispectral ZnS (Figure 11, upper spectrum). The extra emittance
probably arises from the oxide antireflection coating.

* BP-Coated Multispectral ZnS. The coating reduces the transmission (Figure 10) and
increases the emittance (Figure 11), relative to uncoated material. Optical emission is
prohibitive for high temperature applications. Even though the sample cell was
evacuated, there was enough oxygen present for combustion.

» BP/GaP-Coated Multispectral ZnS. Although not as high as that of BP-coated
material (Figure 11), the optical emission is still probably too great for high

temperature applications. Changes in the 20°C transmission spectrum after heating
the sample to 500°C in the evacuated sample cell suggest that the outer diamond-like
carbon burned off during heating for the emittance measurement.

» Antireflection-Coated GaP. This is an excellent optical material for the 3-5 um
region (Figure 7). At 8-10 pm, transmittance is low and emittance is prohibitively
high for most applications.
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RAIN EROSION

Samples were tested at the Whirling Arm facility at Wright Laboratory on 13 March
1995. All tests were run in a 2-mm-diameter drop rainfield with a rainfall rate of
25.4 mm/h at perpendicular incidence. All samples except GaP were backed by a rubber
disk in the sample holder and tightened with a torque wrench set to 3 inch-lbs. The GaP
sample (which had a smaller diameter, 22 mm instead of 25 mm) was backed by a Teflon
disk. Each sample was photographed at 3x magnification prior to testing and at several
intervals during testing. Samples were illuminated at a low angle (~60° from normal) by
two lights 180° apart for photography.

For each run, one sample was placed in position A on the whirling arm and a
second sample in position B 180° away. The test was run for a desired time while
observing the disks through a video camera. Table 2 lists conditions for each run and
observations of sample condition by the naked eye and by a skilled observer using a
magnifying glass. Runs 1, 2, 7, and 8 were calibration trials to record the number and
types of raindrop impacts. Figures 12 through 25 show the 3x photographs of each run.
The exposed surface of the sample in each picture is approximately 20 mm in diameter.
Figures 26 through 33 show micrographs of representative damage sites.

Figures 34 and 35 summarize results from rain erosion tests. No damage to Mgk,
exposed at 210 m/s (470 miles/h) was visible to the naked eye, but impact and ring
fractures were observed with a microscope. A sample of MgF, exposed at 252 m/s
fractured after 8 minutes (min). Antireflection-coated bulk GaP readily cleaved along weak
crystal planes when impacted at 210 m/s. In addition to bulk fracture of GaP along the
right edge in Figure 34, Figure 35 shows a distinctive pattern of orthogonal surface
fractures characteristic of a (100) crystal plane. Previous work with GaP-coated
germanium (Ge) demonstrated that the (100) crystal planes suffered much more damage
than (111) planes (Reference 6). It is likely that (111) GaP would be more durable than the
samples we studied. A possibly better performance by GaP than we observed has been
reported for single drop impact studies (Reference 8).

Two samples of ZnS-coated ms-ZnS in Figure 34 suffered extensive internal and
surface damage. The micrograph of ZnS-coated ms-ZnS in Figure 35 shows internal and
surface damage, as well as coating delamination. In general, delamination was not
common in ZnS-coated ms-ZnS. Results for ZnS-coated ms-ZnS in Figure 34 stand in
marked contrast with the previously reported performance of ZnS-coated standard grade
7nS, which suffered no gross damage in a 10-min exposure at 210 m/s in the whirling arm
(Reference 4).

Two samples of BP-coated ms-ZnS$ in Figure 34 display less obvious damage than
the ZnS-coated ms-ZnS. However, the very durable BP coating is visibly opaque. When
viewed from the rear, the transparent ms-ZnS exhibits subsurface damage that is barely
evident from the BP-coated surface. The micrograph of an impact site in Figure 35 shows
conchoidal fracture and the distinct texture of the undamaged BP coating.
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TABLE 2. Whirling Arm Rain Impact Test Results.

Speed Total
m/s, Arm elapsed
Run mph position Sample time Observations
1 210 A PMMA 940572 10 s | Rainfield calibration run (49.0 impact
sites/cm? observed after the run). PMMA
= poly(methylmethacrylate) = Plexiglas
470 B PMMA 940573 10's Calibration run (51.3 impact sites/cm?).
2 210 A PMMA 940574 20s Calibration run (69.7 impact sites/cm?).
(470) B PMMA 940575 20s Calibration run (71.0 impact sites/cmz).
3 210 A MgF»-5 2.5 min | No damage.
470) 5.0 min | No damage.
10.0 min | No damage.
16.0 min | Pitting/erosion damage.
B Barr & Stroud 2.5 min | No damage.
BP/ZnS-CL7 5.0 min | No damage.
10.0 min | Local coating removal.
16.0 min | Increased localized coating removal/
subsurface ring fractures/ZnS fracture.
Cracked through diameter of the substrate
at 14-15 min.
4 210 A MgF»s-2 5.0 min | No damage.
(470) 10.0 min | Slight pitting/erosion damage.
B Raytheon 5.0 min | Localized DAR coating removal/pitting.
DAR-1/REP/ZnS-1 |10.0 min | Increased DAR localized coating removal/
pitting/REP pitting/cratering/surface
microcracks/subsurface ring fractures/
erosion failure.
5 210 A MgF»>-3 5.0 min | No damage.
470) 10.0 min | Slight pitting/erosion damage.
B Texas Instruments 5.0 min | Substrate fractures/pitting/subsurface
AR-Coated GaP-115-D microcracks. Patterns of lines were
evident to the naked eye, but not seen in
the 3x photograph. Edge of disk beneath
mounting cap fractured off into several
pieces. There is an obvious problem with
weak crystal cleavage planes.
10.0 min | Pitting/cratering/surface microcracks/

localized coating removal/erosion failure.
A dozen obvious craters and hundreds of
tiny fracture lines with an orthogonal
pattern could be seen by the naked eye.
There was increased edge damage beneath
the mounting cap.
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TABLE 2. (Contd.)

Speed Total
m/s, Arm elapsed
Run | mph | position Sample time Observations
6 210 A Raytheon 2.7 min | Pre-existing surface defects/

(470) DAR-1/REP/ZnS-2 coating pitting/subsurface ring fracture/
surface microcracks/subsurface impact
damage.

5.0 min | Increased pitting/cratering.

10.0 min | Increased subsurface fracture/surface.
microcrack/pitting/cratering/local coating
removal/erosion failure.

B Barr & Strond 2.7 min | Pre-existing surface defects/
BP/ZnS-CL10 slight coating pitting. ~6 tiny craters
appear to the eye, but not in the photo.

5.0 min | Increased pitting.

10.0 min | Gross surface damage easily seen in the
photo Increased pitting/cratering/
subsurface ring fractures/localized coating
removal (erosion damage).

7 252 A PMMA 940576 10s Calibration run (40.8 impact sites/cm?).

(564) B PMMA 940577 10 s Calibration run (56.1 impact sites/cmz).

8 252 A PMMA 940578 20s Calibration run (64.6 impact sites/cm?).

(564) B PMMA 940579 20s Calibration run (65.9 impact sites/cm?).

9 252 A Raytheon 1.0 min | One easily observed impact mark and
DAR-1/REP/ZnS-3 several tiny marks.

(564) 3.0 min | Sample shattered. Increased surface

damage.
B Barr & Stroud 1.0 min | ~4 tiny pits—almost imperceptible
BP/ZnS-CL11 3.0 min | No obvious damage on the surface or
inside (when viewed from the transparent
back side).
10 252 A MgF»>-4 8.4 min | Sample fractured near 8 min and
(564) backing disk of MgF2 broke also.
Pitting/cratering/erosion failure.
Sapphire-1 8.4 min | Slight pitting/erosion damage
(not evident to casual observer).
11 252 A Raytheon 3.0 min | Significant surface and subsurface damage.

(564) DAR-1/REP/ZnS-4 Major crack in substrate does not go all
the way to the edges of the disk. DAR
localized coating removal/pitting/cratering/
REP erosion failure/subsurface ring
fractures/erosion failure.

B Barr & Stroud 3.0 min | Sample cracked through its diameter at 2.4
BP/ZnS-CL12 min. Crack continued to grow in the

remaining 0.6 min of the run. Numerous
small surface pits.
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10.0 min @ 210 m/s 16.0 min @ 210 m/s

FIGURE 12. Whirling Arm Rain Exposure of MgF5 (Sample 5) in Run 3 at 210 m/s
in a 25.4 mm/h Rainfall of 2-mm-Diameter Drops at Perpendicular Incidence.
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"!.
0 min @ 210 m/s 5.0 min @ 210 m/s

| e
. 10.0 min @ 210 m/s 16.6 min @ 210 m/s

FIGURE 13. Whirling Arm Rain Exposure of BP/ms-ZnS (Sample CL7) in Run 3 at

) 210 m/s in a 25.4 mm/h Rainfall of 2-mm-Diameter Drops at Perpendicular Incidence.
This sample of BP/ZnS had been exposed to 500°C for measuring optical properties prior
to the rain erosion test. The outer diamond-like carbon layer probably burned off.
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10.0 min @ 210 m/s

FIGURE 14. Whirling Arm Rain Exposure of MgF; (Sample 2) in Run 4 at 210 m/s
in a 25.4 mm/h Rainfall of 2-mm-Diameter Drops at Perpendicular Incidence.
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L\ . v :_J % ; g
0 min @ 210 m/s 5.0 min @ 210 m/s

10.0 min @ 210 m/s

FIGURE 15. Whirling Arm Rain Exposure of DAR-1/REP/ms-ZnS (Sample 1) in Run 4
at 210 m/s in a 25.4 mm/h Rainfall of 2-mm-Diameter Drops at Perpendicular Incidence.
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5.0 min @ 210 m/s

10.0 min @ 210 m/s

FIGURE 16. Whirling Arm Rain Exposure of MgF, (Sample 3) in Run 5 at 210 m/s
in a 25.4 mm/h Rainfall of 2-mm-Diameter Drops at Perpendicular Incidence.
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0 min @ 210 m/s 5.0 min @ 210 m/s

;

10.0 min @ 210 m/s

FIGURE 17. Whirling Arm Rain Exposure of Antireflection-Coated Bulk GaP (Sample
115-D) in Run 5 at 210 m/s in a 254 mm/h Rainfall of 2-mm-Diameter Drops at
Perpendicular Incidence. This sample was exposed to 500°C for measuring optical
properties prior to the rain erosion test.
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5.0 min @ 210 m/s 10.0 min @ 210 m/s

4

FIGURE 18. Whirling Arm Rain Exposure of DAR-1/REP/ms-ZnS (Sample 2) in Run 6
at 210 m/s in a 25.4 mm/h Rainfall of 2-mm-Diameter Drops at Perpendicular Incidence.
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5.0 min @ 210 m/s 10.0 min @ 210 m/s

FIGURE 19. Whirling Arm Rain Exposure of BP/ms-ZnS (Sample CL10) in Run 6 at
210 m/s in a 25.4 movh Rainfall of 2-mm-Diameter Drops at Perpendicular Incidence.
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3.0 min @ 252 m/s
FIGURE 20. Whirling Arm Rain Exposure of DAR-1/REP/ms-ZnS (Sample 3) in
Run 9 at 252 m/s in a 25.4 mm/h Rainfall of 2-mm-Diameter Drops at Perpendicular

Incidence. This sample was exposed to 500°C for measuring optical properties prior
to the rain erosion test.
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0 min @ 252 m/s 1.0 min @ 252 m/s

3.0 min @ 252 m/s

FIGURE 21. Whirling Arm Rain Exposure of BP/ms-ZnS (Sample CL11) in Run 9 at
252 m/s in a 25.4 mm/h Rainfall of 2-mm-Diameter Drops at Perpendicular Incidence.

29




NAWCWPNS TP 8292

0 min @ 252 m/s 8.4 min @ 252 m/s

FIGURE 22. Whirling Arm Rain Exposure of MgF; (Sample 4) in Run 10 at 252 m/s
in a 25.4 mm/h Rainfall of 2-mm-Diameter Drops at Perpendicular Incidence.

% Yy

0 min @ 252 m/s 8.4 min @ 252 m/s

FIGURE 23. Whirling Arm Rain Exposure of Single Crystal Sapphire in Run 10 at 252 my/s in a
25.4 mm/h Rainfall of 2-mm-Diameter Drops at Perpendicular Incidence. The Crystal Systems disk
(90° cut?, 5.1 mm thick) had been subjected to whirling arm rain erosion testing at the Naval Air
Development Center (Warminster, Pennsylvania) for 20 min at a speed of 500 mph at a 13 mm/h rain
rate of 2-mm-diameter drops in 1990. The disk had no damage evident to the naked eye from the

previous test.

. | o
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0 min @ 252 m/s 3.0 min @ 252 m/s

FIGURE 24. Whirling Arm Rain Exposure of DAR- 1/REP/ms-ZnS (Sample 4) in Run 11
at 252 my/s in a 25.4 mm/h Rainfall of 2-mm-Diameter Drops at Perpendicular Incidence.

%

A

0 min @ 252 m/s 3.0 min @ 252 m/s

FIGURE 25. Whirling Arm Rain Exposure of BP/ms-ZnS (Sample CL12) in Run 11 at
252 m/s in a 25.4 mm/h Rainfall of 2-mm-Diameter Drops at Perpendicular Incidence.
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e

MgF2-5 (16 min @ 210 m/s) MgF»-5 (16 min @ 210 m/s)
Nomarski micrograph (93x) Nomarski micrograph (93x)
Ring fracture Material removal

e e o

MgF3-5 (16 min @ 210 m/s) MgF2-5 (16 min @ 210 m/s)
Transmission micrograph (70x) Transmission micrograph (70x) )
Impact fracture Subsurface damage?

FIGURE 26. Micrographs of MgF, Showing Rain ”
Impact Damage Sites From Whirling Arm Experiments.
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MgF2-2 (10 min @ 210 m/s)
Nomarski micrograph (360x) Nomarski micrograph (93x)
Ring fracture Ring fracture

MgF2-4 (8.4 min @ 252 m/s)
Nomarski micrograph (93x)
Ring and impact fracture

FIGURE 27. Micrographs of MgFy Showing Rain Impact Damage Sites
From Whirling Arm Experiments.
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DAR/REP-2 (10 min @ 210 m/s) DAR/REP-2 (10 min @ 210 m/s)
Nomarski micrograph (93x) Nomarski micrograph (360x)
Surface/subsurface damage/delamination Coating delamination

.

DAR/REP-3

(3 min @ 252 m/s) DAR/REP-3 (3 min @ 252 m/s) .

Nomarski micrograph (93x) Nomarski micrograph (360x)
Surface and subsurface damage Surface cracks

FIGURE 28. Micrographs of ZnS-Coated ms-ZnS Showing Rain Impact
Damage Sites From Whirling Arm Experiments.
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‘ i

DAR/REP-1 (10 min @ 210 m/s) DAR/REP-1 (10 min @ 210 m/s)
Transmission micrograph (50x) Nomarski micrograph (93x)
Subsurface damage Material removal

DAR/REP-1 (10 min @ 210 m/s)  DAR/REP-1 (10 min @ 210 m/s)
Nomarski micrograph (93x) Nomarski micrograph (360x)
Surface and subsurface damage Coating delamination

FIGURE 29. Micrographs of ZnS-Coated ms-ZnS Showing Rain Impact
Damage Sites From Whirling Arm Experiments.
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DAR/REP-4 (3 min @ 252 m/s) DAR/REP-4 (3 min @ 252 my/s)
Nomarski micrograph (93x) Nomarski micrograph (93x)
Surface and subsurface damage Surface and subsurface damage

FIGURE 30. Micrographs of ZnS-Coated ms-ZnS Showing Rain Impact
Damage Sites From Whirling Arm Experiments.
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BP/ZnS-CL7 (16 min @ 210 m/s) BP/ZnS-CL7 (16 min @ 210 m/s)
Nomarski micrograph (93x) Nomarski micrograph (360x)
Material removal/ little delamination Material removal

BP/ZnS-CL10 (10 min @ 210 m/e) BP/ZnS-CL10 (10 min @ 210 m/s)
Nomarski micrograph (180x) Subsurface damage (93x)
Impact site viewed through back side

FIGURE 31. Micrographs of BP-Coated ms-ZnS Showing Rain Impact

Damage Sites From Whirling Arm Experiments.
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BP/ZnS-CL11 (3 min @ 252 m/s)  BP/ZnS-CL11 (3 min @ 252 m/s)
Nomarski micrograph (93x) Subsurface damage (93x)
Impact site viewed through back side

BP/ZnS-CL12 B3 min @ 252 m/s)  BP/ZnS-CL12 (3 min @ 252 m/s)

Nomarski micrograph (93x) Nomarski micrograph (93x)
Subsurface cracking Subsurface and surface cracking

FIGURE 32. Micrographs of BP-Coated ms-ZnS Showing Rain Impact
Damage Sites From Whirling Arm Experiments.
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L R k . .
GaP 115D (10 min @ 210 m/s) GaP 115D (10 min @ 210 m/s)
Nomarski micrograph (93x) Subsurface damage (360x)

Orthogonal cracking / material loss Orthogonal cracking / material loss

GaP 115D (10 min @ 210 m/s)
Transmission micrograph (59x)
Subsurface damage

FIGURE 33. Micrographs of Antireflection-Coated Bulk GaP Showing
Rain Impact Damage Sites From Whirling Arm Experiments.
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MgF,: 10 min @ 210 m/s

Front-Coated DAR-1/ REP / ms-ZnS: 10 min @ 210 m/s

BP /ms-ZnS: 10 min @ 210 mv/s

FIGURE 34. Summary of Representative Rain Erosion Results From
Whirling Arm Facility at Wright Laboratory Using 2-mm-Diameter Drops at
a Rain Rate of 25.4 mm/h.
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MgFy: 10 min @ 210 m/s AR-Coated GaP: 10 min @ 210 m/s

Nomarski micrograph (360x) Nomarski micrograph (93x) showing
showing ring fracture orthogonal cracking and material loss

Front DAR-1/REP / ms-ZnS: 10 min @ 210 m/s BP / ms-ZnS: 10 min @ 210 m/s
Nomarski micrograph (23x)showing surface  Nomarski micrograph (180x) showing conchoidal
and subsurface ring fracture and delamination  jmpact site and texture of undamaged coating

FIGURE 35. Representative Micrographs of Samples From Whirling Arm
Rain Impact Experiments.
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Figure 36 illustrates the variation in material response from run to run. In the two
experiments, ZnS-coated ms-ZnS and BP-coated ms-ZnS were run simultaneously in
opposite ends of the whirling arm at 252 m/s (564 miles/h). Figure 37 shows that
subsurface damage to BP-coated ms-ZnS that is not evident when viewed from the coated
side can be seen when viewed through the transparent uncoated side.

The general conclusions from the rain erosion experiments are:
* None of the coated materials was as durable as bare MgF,.

* BP/ms-ZnS is more durable than ZnS/ms-ZnS, but subsurface damage
precedes coating damage in BP/ms-ZnS.

* Bulk GaP fractured on weak crystal planes and was not as durable as the
other materials tested.

SAND EROSION

Sand erosion experiments were performed at Wright Laboratory using the
equipment formerly located at PDA Engineering (Costa Mesa, California). Sand with a
density near 2.75 g/cm3 (measured by liquid displacement), obtained from Whitehead
Brothers Co. (Florham Park, New Jersey), was sieved to obtain particles in the size range
of 149 -177 pum, and another fraction with a size range of 0 to 38 um. Sand from a screw
feeder system was accelerated by a 6-mm-diameter compressed air jet and directed at
normal incidence (90°) onto a flat specimen holder that could hold as many as 16 25-mm-
diameter samples. Sand mass flow rate and velocity were established by prior calibration.
The square specimen holder was rastered in a uniform manner such that its full 310 cm?
area was exposed to the jet twice in 2 minutes. Exposure was measured in terms of
milligrams of sand per square centimeter of sample area.

A speed of 75 m/s (148 knots) was chosen for relatively large particles (149-
177 um) to simulate the environment of an aircraft during takeoff and landing. A speed of
210 m/s (413 knots) was chosen for small particles (< 38 um) to simulate aircraft cruising
conditions. One set of samples was exposed simultaneously to the low speed conditions
and a second set of samples was exposed to the high speed conditions.

After each exposure, each sample was weighed and its infrared transmission
spectrum recorded. A reflection micrograph was recorded with a computer imaging system
that printed the result at an effective magnification of 840x. Mass data was not consistent
and is not reported. Due to equipment problems, most of the infrared transmission data
was lost. We intended to average transmittance over a range of wavelengths (e.g., 3-5 um)
to document the degradation caused by sand erosion. Instead, where the data existed,
measurements were made at a single wavelength in a region of the spectrum where there
was no absorption band.
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(a) Front-Coated DAR-1/ REP / ms-ZnS 3 min @ 252 m/s (b)

(c) BP / ms-ZnS 3 min @ 252 m/s (d)

FIGURE 36. Comparison of Behavior of ZnS/ms-ZnS and BP/ms-ZnS in
the Whirling Arm at 252 m/s. Samples (a) and (c) were run simultaneously
and samples (b) and (d) were run simultaneously.
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BP/ms-ZnS Sample CL12 ' ,
View from coated side 3 MN@ 252 mM/s  yjiaw from uncoated side

&
*

BP/ms-ZnS Sample CL1
16 min @ 210 mv/s

View from uncoated side

View from coated side

FIGURE 37. Front and Back Views of BP/ms-ZnS Samples After Exposure to Whirling
Arm Rain Erosion. The backside view through the transparent ms-ZnS shows subsurface
damage that is not evident when viewed through the opaque BP-coated side.
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Figure 38 shows the relative loss in transmittance of each material measured in the
midwave region in the low speed experiment (149-177 pm particles at 75 m/s).
Corresponding data for the high speed experiment were lost. However, previous studies
of MgF and other materials indicate that high speed impact by fine particles (< 38 um
particles at 210 m/s) is even more damaging than the low speed conditions (Reference 9).

......

-~
-~
.

L | 149-177 um sand
40.0 |-|speed =75 m/s
- | normal incidence

0 50 100 150 200 250 300
Sand load (mg/cm”2)

FIGURE 38. Relative Loss of Infrared
Transmission vs. Cumulative Sand Loading in
Erosion Tests. The ordinate gives the measured
transmittance at 4.00-um wavelength divided by the
initial transmittance of the uneroded sample. The
BP-coated sample was measured at 3.33 um to avoid
an absorption feature near 4 [lm.

Figures 39 and 40 compare the erosion damage under the two sets of conditions on
the different materials that were tested. Figures 41 through 52 show the progression of
damage in individual samples.

The trends in sand erosion experiments are summarized as follows:

« BP/ZnS is the most durable of the tested materials with respect to sand
erosion.

* MgF, is the second most durable material.

« The sand erosion durability of Raytheon's REP-coated ZnS depends on the
outer antireflection coating. DAR-1 performed better than DAR-3.

» Single crystal silicon performed poorly and bulk GaP was even worse.
To add perspective to these observations, bare MgF, missile domes are severely eroded by
sand. All of the materials in Figure 37 except BP/ZnS fare even worse than MgF».
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: @ ; | Sand
o o load
S cm?
2 5 30
+ 150
L e .
[ kb - ?A /é
' I R 300
o o 4'47'." g i
e :
BP/ms-ZnS

ion: 149-177 um particles @ 75 m/s @ normal incidence
SR 3855 &5

FIGURE 41. Micrographs of BP-Coated ms-ZnS (Sample CL5) at Different
Stages of Exposure to 149-177 um Sand Particles at 75 m/s at Normal
Incidence. This sample had been exposed to 500°C for measuring infrared
emission prior to the sand erosion test. The outer diamond-like carbon layer

has probably burned off.
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Sand Sand
load load
mg g
cm? cm?

0 30
4 150
10 300

MgFp
Sand Erosion: 149-177 um particles @ 75 m/s @ normal incidence
100 um
FIGURE 42. Micrographs of MgF, (Sample 6) at Different Stages of
Exposure to 149-177 wm Sand Particles at 75 m/s at Normal Incidence.
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AR-Coated GaP
Sand Erosxon 149 1?7 p.m pamcies @ 7‘5 mfs @ norma! mcrdence

FIGURE 43. Micrographs of AR-Coated Bulk GaP (Sample I15-E) at
Different Stages of Exposure to 149-177 um Sand Particles at 75 m/s at
Normal Incidence. This sample was exposed to 500°C for measuring

infrared emission prior to the sand erosion test.
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R T | S

DAR-1/ REP/ ms-ZnS
Sand Eros;on 149-177 um particles @ 75 my/s @ normal mc;dence

100 um

FIGURE 44. Micrographs of ZnS-Coated ms-ZnS (Sample 5) with the
Outer Antireflection Coating Designated DAR-1 at Different Stages of
Exposure to 149-177 um Sand Particles at 75 m/s at Normal Incidence.
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Sand h o 1 e = : Sand
: 2 / “ ; s, load
load : : : . L
mg ’ . R s g
omP : om?2
a 30
4 _150
10 300

DAR-3 / REP/ ms-ZnS
Sand Erosion: 149-177 um particles @ 75 m/s @ normal incidence

100 um

FIGURE 45. Micrographs of ZnS-Coated ms-ZnS (Sample 7) with the
Outer Antireflection Coating Designated DAR-3 at Different Stages of
Exposure to 149-177 um Sand Particles at 75 m/s at Normal Incidence.
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FIGURE 46. Micrographs of MgF, (Sample 7) at Different Stages of
Exposure to < 38 um Sand Particles at 210 m/s at Normal Incidence.
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Silicon
Sand Erosion: <38 um parlicies @ 210 s @ normal mcndence

FIGURE 47. Micrographs of Single Crystal Silicon (Sample 1) at Different
Stages of Exposure to < 38 um Sand Particles at 210 m/s at Normal Incidence.
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Sand * , ST ¥ie 3 sand
load 3
g

AR-Coated GaP

Sand Erosion: <38 um particles @ 210 mvs @ normal incidence
- i ——

100 um

FIGURE 48. Micrographs of AR-Coated Bulk GaP (Sample I15-E) at
Different Stages of Exposure to < 38 pum Sand Particles at 210 m/s at
Normal Incidence. The other side of the same disk used in Figure 42 was
used for this erosion experiment. This sample had been heated to 500°C to
measure infrared emission prior to the sand erosion test.
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FIGURE 49. Micrographs of BP-Coated ms-ZnS (Sample CL13) at Different
Stages of Exposure to < 38 pum Sand Particles at 210 m/s at Normal Incidence.
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